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We experimentally study the motion of light-activated colloidal microswimmers in a viscoelastic
fluid. We find that, in such a non-Newtonian environment, the active colloids undergo an unexpected
transition from enhanced angular diffusion to persistent rotational motion above a critical propulsion
speed, despite their spherical shape and stiffness. We observe that, in contrast to chiral asymmetric
microswimmers, the resulting circular orbits can spontaneously reverse their sense of rotation and
exhibit an angular velocity and a radius of curvature that non-linearly depend on the propulsion
speed. By means of a minimal non-Markovian Langevin model for active Brownian motion, we show
that these non-equilibrium effects emerge from the delayed response of the fluid with respect to the
self-propulsion of the particle without counterpart in Newtonian fluids.
Microswimmers are non-equilibrium systems of great
current interest due to their ability to convert energy
from their liquid surroundings into active motion [1]. In
contrast to passive and externally driven particles, rota-
tional motion plays a primordial role for such active sys-
tems, since their propulsion is strongly determined by a
well-defined orientation [2]. For many motile microorgan-
isms, e.g. flagellated bacteria, their orientation is mainly
affected by internal biochemical processes that lead to
abrupt changes of otherwise rather straight runs [3, 4].
In addition, hydrodynamic interactions with solid bound-
aries allow them to perform complex trajectories, such as
circles [5, 6]. This is not the case for most artificial mi-
croswimmers, e.g. self-propelled colloids, whose orienta-
tional motion is fully determined by rotational diffusion
under homogeneous conditions, thus performing a per-
sistent random walk [7–9]. In order for an active colloid
to exhibit persistent rotations, external torques can be
applied by e.g. magnetic fields [10]. Moreover, chirality
can induce a coupling between the rotational and trans-
lational motion of a microswimmer, which enables self-
rotation [11]. This can be realized by using molecularly-
chiral materials, such as liquid crystal droplets, which ex-
hibit helical auto-propulsion in aqueous surfactants [12–
14]. Chirality is also possible for an asymmetric active
colloid, in such a way that it can undergo a velocity-
dependent viscous torque. This results in circular orbits
whose direction and radius are simply determined by the
specific particle geometry [15–18].
In this Letter, we experimentally demonstrate that
even under uniform conditions, rigid spherical active
colloids can experience a transition from diffusive rota-
tional motion to persistent circular orbits above a criti-
cal propulsion speed when moving in homogeneous vis-
coelastic fluids. Unlike chiral microswimmers, here the
circular trajectories can spontaneously reverse their di-
rection, with angular speed and radius of curvature that
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non-linearly depend on the velocity. Such an intricate be-
havior can be captured by a minimal 2D Langevin model
with memory, where a non-linear coupling between orien-
tational and translational motion supplemented by ther-
mal noise reproduces the aforementioned transition as
well as the spontaneous changes in sign of the orbits.
In our experiments, we use as synthetic microswim-
mers spherical silica particles (radius a = 3.88µm) half-
coated with carbon and suspended in a viscoelastic bi-
nary fluid kept at T = 296 K. Such a fluid is composed
of water and propylene glycol n-propyl ether (PnP), with
added polyacrylamide (PAAm) polymers in the semidi-
lute regime, the concentration of which determines its
viscoelasticity. The resulting viscosities are 2 orders of
magnitude higher than that of water while the relaxation
times are several seconds, thereby leading to strong mem-
ory effects in the motion of the microswimmers. Their
self-propulsion is achieved within a quasi-2D cell by lo-
cal demixing of the binary fluid, which is induced by
laser-heating of their asymmetrically light-absorbing sur-
face [19, 20]. The propulsion speed, v, is controlled by
the laser intensity I. For the intensities considered here,
v ∝ I, resulting in an active motion directed away from
the carbon cap. A detailed description of our experimen-
tal setup is provided in [20, 21].
In Figs. 1(a)-(e) we plot some representative 2D tra-
jectories r = (x, y) of a self-propelled colloid moving in
the PAAm solution at 0.05 wt %, at different v, as well as
the instantaneous orientation n = (cos θ, sin θ). The lat-
ter is defined as the unit vector pointing from the capped
to the uncapped hemisphere, as depicted in Fig. 1(a). In
the insets of Figs. 1(a)-(e) we also show the time evolu-
tion of the angular coordinate θ, from which we compute
the corresponding mean-squared angular displacements
〈∆θ(t)2〉, see Fig. 1(f). For a passive colloid (v = 0), the
angular motion is subdiffusive at short time-scales due to
the viscoelasticity of the surrounding fluid [22], as shown
in the inset of Fig. 1(f). Angular diffusion is observed
at long-time scales, i.e. 〈∆θ(t)2〉 = 2D0rt, see inset of
Fig. 1(f), with a diffusion coefficient D0r = kBT/(8pia
3η0)
which satisfies the Stokes-Einstein relation, where η0 is
2FIG. 1. (Color online) (a) Image of a spherical colloid, which is half-coated with carbon (dark area). The arrow pointing from
the capped to the uncapped hemisphere represents its orientation n, which defines the angle θ with respect to the x-axis. Some
exemplary trajectories r = (x, y) (solid lines) and orientations n = (cos θ, sin θ) (arrows) at different propulsion speeds are
plotted in: (a) v = 0.075 µms−1, (b) v = 0.100 µms−1, (c) v = 0.250 µms−1, (d) v = 0.350 µms−1, and (e) v = 0.500 µms−1.
Insets: time evolution of the corresponding angle θ. The inset of Fig. 1(a) also shows the time evolution of θ for a passive
colloid (v = 0, upper curve). (f) Log-log representation of the mean-squared angular displacements for different propulsion
speeds, increasing from bottom to top. Inset: expanded view of the mean-squared angular displacement for a passive colloid,
showing the change from subdiffusive to diffusive behavior with increasing t. The dotted and dashed lines are guides to the eye
to indicate diffusive and ballistic behavior, respectively.
the zero-shear viscosity of the fluid. Interestingly, we
find that at small v, a similar angular diffusive behav-
ior persists, i.e. 〈∆θ(t)2〉 = 2Drt at sufficiently long
times, as shown in Fig. 1(f). Nevertheless, under such
conditions the effective rotational diffusion coefficient Dr
is higher than D0r , in agreement with previous observa-
tions [21]. For instance, at v = 0.100µms−1 the tra-
jectories are rather wavy, see Fig. 1(b), where Dr is 2
orders of magnitude higher than D0r . Remarkably, a fur-
ther increase of v leads to an unexpected transition to a
different dynamical regime characterized by a persistent
rotation. In such a case, the time evolution of θ is on
average linear over intervals of several minutes, as shown
in the insets of Figs. 1(c)-(e). Such orbits can sponta-
neously reverse their direction, as observed in Fig. 1(c) at
v = 0.250µms−1, where an intially counter-clockwise ro-
tation reverses after 700 seconds (thick arrows). Further-
more, the circular trajectories become better defined with
increasing v, as shown in Figs. 1(d)-(e), where the rota-
tional reversal becomes very uncommon over the mea-
surement time. In this regime, at sufficiently long time-
scales the mean-squared angular displacement behaves
as 〈∆θ(t)2〉 = 2Drt + ω
2t2, see Fig. 1(f). This allows to
characterize the motion for cycles with the same sense of
rotation by the angular velocity ω.
In Fig. 2(a) we plot the angular velocity ω as a func-
tion of v. We point out that both directions, i.e. clock-
wise (+) and counter-clockwise (−), are possible for the
same particle, as illustrated in Figs. 1(d) and 1(e), respec-
tively. Furthermore, we find that |ω| depends nonlinearly
on v. While below a threshold (vc = 0.240µms
−1) only
enhanced angular diffusion occurs, |ω| exhibits an ap-
proximately square-root growth with v above vc. The
propulsion-speed threshold and the angular velocity of
such orbits strongly depend on the polymer concen-
tration. For instance, at higher PAAm concentration
(0.06 wt %), the transition occurs at smaller propulsion
speed (vc = 0.105µms
−1), as demonstrated in Fig 2 (a).
In addition, the radius of curvature of the orbits, defined
as R = v/|ω|, displays a non-monotonic dependence on
v, as shown in Fig. 2(b), where a very sharp decrease of
R just above vc is followed by a weak variation at higher
propulsion speeds. We point out that such a behavior
significantly differs from that of chiral active particles,
e.g. L-shaped colloids [17], for which orbiting trajectories
result from a velocity-dependent torque due to viscous
forces exerted at a non-zero lever arm [23]. In such a case,
a persistent rotation occurs even at vanishingly small v,
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FIG. 2. (Color online) (a) Dependence of the angular speed
|ω| of the circular orbits on the propulsion speed v for an ac-
tive colloid moving in a PAAm solution at 0.05 wt % (◦) and
0.06 wt % (). The vertical dotted line depicts the critical ve-
locity vc in the former case, below which only enhanced rota-
tional diffusion occurs. (b) Dependence of the corresponding
radius of curvature R on v, same symbols as in 2(a). The solid
lines in 2(a) and 2(b) represent the dependence on v given by
Eq. (3), while the error bars correspond to the standard de-
viation over several cycles with the same sense of rotation.
where ω increases linearly with v, while R remains con-
stant as it is only determined by the particle geometry.
Besides, the sign of ω is fixed by the chirality of the par-
ticle, unlike the spontaneous rotational reversal observed
in the viscoelastic fluid. Thus, our findings suggest that
the emergence of circular motion for the spherical active
colloids is due to the response of the surrounding fluid
rather than the particle chiral asymmetry [24].
As a matter of fact, our results can be rationalized
by a phenomenological model which takes into account
the memory of the system due to the viscoelasticity
of the fluid environment. A stress-relaxation modulus
which mimics the mechanical response of the fluid is
G(t) = 2η∞δ(t)+
η0−η∞
τ
e−
t
τ [25, 26]. Here, the first term
accounts for the instantaneous relaxation of the solvent
with viscosity η∞, whereas the second term captures the
time-delayed response of the polymer solution with relax-
ation time τ and zero-shear viscosity η0. The coupling
with the translation of the colloidal particle is included
by the memory friction kernel ΓT (t) = 6piaG(t). Since
the system is overdamped and without external forces, we
describe the 2D motion of the particle position r = (x, y)
by the non-Markovian Langevin equation [27]
−
∫ t
−∞
ΓT (t− t
′) [r˙(t′)− v(t′)] dt′ + ζT (t) = 0. (1)
The term FH(t) = −
∫ t
−∞
ΓT (t − t
′) [r˙(t′)− v(t′)] dt′
represents the total hydrodynamic force at time t ex-
erted by the fluid on the particle, moving at propul-
sion velocity v(t′) = vn(t′), i.e. parallel to the parti-
cle orientation, as experimentally observed. The term
ζT (t) is a zero-mean Gaussian noise, which mimics ther-
mal fluctuations. For the sake of simplicity, we assume
that it satisfies the second fluctuation-dissipation theo-
rem [28], i.e. 〈ζiT (t)ζ
j
T (s)〉 = kBTδijΓT (|t − s|). Note
that the total hydrodynamic force vanishes on average,
〈FH(t)〉 = −〈ζT (t)〉 = 0, thus fulfilling the force-free
condition. By analogy with active Brownian motion
in Newtonian liquids [23, 29], in Eq. (1) we can in-
terpret the term Fv(t) = v
∫ t
−∞
ΓT (t − t
′)n(t′)dt′ as
an internal force related to the active process of self-
propulsion [30, 31]. We point out that, due to the mem-
ory of the system, Fv(t) is not parallel to the instan-
taneous particle orientation n(t), as it depends on all
previous times t′ ≤ t. Therefore, in general Fv(t) lags
behind n(t). Such a time-delayed response suggests a
coupling between Fv(t) and n(t) by means of an internal
torque Tv(t) = Tv(t)zˆ = L(t) × Fv(t), where zˆ = xˆ × yˆ
is the unit vector orthogonal to the xˆ and yˆ directions.
Here, the effective lever arm L(t) = −µan(t) mimics the
spatial delay of Fv(t) with respect to the particle center,
where we expect µ ∼ O(1). Tv consistently vanishes in
the case of passive motion (v = 0) and for active motion
in Newtonian fluids (η0 = η∞).
On the other hand, n(t) is affected by the viscoelas-
ticity of the surrounding fluid, as demonstrated by the
subdiffusive regime at short times in Fig. 1(f). There-
fore, apart from the effect of Tv(t), we consider that n
is also subjected both to an angular drag with memory
kernel ΓR(t) = 8pia
3G(t) and to zero-mean thermal noise
ζR, which satisfies [22]: 〈ζR(t)ζR(s)〉 = kBTΓR(|t − s|).
Consequently, we model its 2D orientation by the non-
Markovian equation
−
∫ t
−∞
ΓR(t− t
′)θ˙(t′)dt′ + Tv(t) + ζR(t) = 0. (2)
The minimal model (1)-(2) reproduces the main non-
trivial features of the active motion in the viscoelas-
tic fluid [32]. First, at small v, numerical solutions of
Eqs. (1) and (2) evidence diffusive orientational dynam-
ics at sufficiently large time-scales, i.e. t ≫ η∞
η0
τ , as
shown in Fig. 3(a), with an effective rotational diffusion
coefficient Dr that significantly grows with increasing v,
see Fig. 3(b). At small v, the nonlinear term Tv in Eq. (2)
leads to short-lived rotations, which are randomized by
thermal fluctuations, thereby resulting in an enhanced
angular motion, as observed both in experiments and
simulations, see insets of Figs. 1(a) and 3(b), respectively.
4FIG. 3. (Color online) (a) Mean-squared angular displace-
ments computed from numerical solutions of Eqs. (1)-(2)
at different propulsion speeds v < vc = 0.240 µms
−1, in-
creasing from bottom to top. (b) Corresponding effective
rotational diffusion coefficient as a function v. The verti-
cal dashed line represents vc. Inset: Time evolution of θ
for a numerical passive trajectory (v = 0, bottom) and an
active one (v = 0.200 µms−1, top). Examples of numeri-
cal trajectories at different propulsion speeds above vc: (c)
v = 0.250 µms−1, and (d) v = 0.600 µms−1. The thick arrows
represent the orientation n, whereas the thin arrows show the
corresponding propulsion force Fv. (e) Time evolution of the
phase difference between n and Fv for a particle moving at
v = 0.250 µms−1 (inner curve) and at v = 0.600 µms−1 (outer
curve). The solid lines represent the steady-state values φ±.
On the other hand, around the critical propulsion speed
vc =
4a
3µτ
(
1−
η∞
η0
) , a maximum in Dr is achieved, while
at v > vc, circular orbits become stable solutions of the
deterministic parts of Eqs (1) and (2), with a persistent
angular velocity
ω = ±
1
τ
√
v
vc
− 1. (3)
The transition from active-Brownian to circular mo-
tion when increasing v from below to above vc is illus-
trated in Figs 3(c)-(d), where we plot typical trajecto-
ries obtained by numerically solving Eqs (1)-(2). Note
that both vc and |ω| strongly depend on the viscoelastic-
ity of the fluid, simplified by the parameters τ , η0 and
η∞. Eq. (3) displays both rotational directions, with
a square-root dependence on v, in excellent agreement
with our experimental findings, as shown as solid lines
in Fig 2(a). Here, the only fitting parameter is the di-
mensionless lever-arm µ, which is set to µ = 1.3 for
both PAAm concentrations in order to get self-consistent
agreement between the experimental data, the predicted
values of vc, ω, R and the numerical results. In Fig. 2(b)
we demonstrate that the radius of curvature can also
be well described by R = vτ
(
v
vc
− 1
)− 1
2
(solid lines).
While R abruptly decreases just above vc, after a mini-
mum value R = 2vcτ at v = 2vc it exhibits a subsequent
slow increase at larger v. In addition, numerical solutions
at v > vc, as those depicted in Figs. 3(c) and (d), show
that the circular trajectories can switch their angular ve-
locity between +|ω| and −|ω| for sufficiently long times.
Such orientational flips occur when a thermal fluctuation
is comparable to the mean torque 8piη0a
3|ω| in order to
destabilize the current orbit. We also check that, unlike
the quasi-instantaneous response of Newtonian fluids to
self-propulsion [20], here Fv(t) significantly lags behind
n(t). This is highlighted in the trajectories of Fig 3(c)-
(d), where the thin and thick arrows represent instanta-
neous values of Fv(t) and n(t), respectively. Their phase
difference φ, defined by the large arrows in Fig 3(d),
exhibits less and less stochastic jumps between the two
steady-state values φ± = ± arctan
(
η0−η∞
η0+η∞ω2τ2
|ω|τ
)
with
increasing v, see Fig 3(e). This translates into stable cir-
cular orbits at sufficiently high propulsion speed, where
the spontaneous reversals of the sense of rotation become
very infrequent, as experimentally observed.
In conclusion, we have investigated the active motion
of spherical colloids in a viscoelastic fluid over a broad
velocity range. Our findings uncover a transition from
a persistent random walk with enhanced angular dif-
fusion to circular motion with stochastic orientational
flips. Unlike synthetic microswimmers with molecular
or shape chirality, here the emergence of such circular
orbits is due to the delayed response of the surrounding
fluid, as explained by a minimal non-Markovian Langevin
model. Although this phenomenological description in-
cludes neither the detailed flow field around the mi-
croswimmer [35, 36], nor a possible modification of the
noise and friction due to the non-equilibrium particle mo-
tion [37, 38], it reproduces the main non-trivial features
observed in the experiments. Therefore, our findings
are expected to be robust to such details and to hap-
pen for active colloids in other kinds of viscoelastic me-
dia [39, 40], as well as for deformable microswimmers [41–
43]. Moreover, it will be important to explore memory-
induced effects for microswimmers in viscoelastic media
under other experimental conditions, e.g. gradients [20],
corrugated substrates [44, 45], time-dependent motil-
ity [46] and moving potentials [47], as they are commonly
encountered in nature and technological applications.
This work was supported by the German Research
Foundation (DFG) through grant No. GO 2797/11
(J.R.G.S.), by the DFG through the priority programme
SPP 1726 on microswimmers (C.B.), by the ERC Ad-
vanced Grant ASCIR grant No. 693683 (C.B.).
5[1] J. Elgeti, R. G. Winkler and G. Gompper, Rep. Prog.
Phys. 78 056601 (2015).
[2] A. M. Menzel, Physics Reports 554, 1 (2015).
[3] N. C. Darnton, L. Turner, S. Rojevsky, and H. C. Berg,
J. Bacteriol. 189, 1756 (2007).
[4] K. Son, J. S. Guasto, and R. Stocker, Nat. Phys. 9, 494
(2013).
[5] E. Lauga, W. R. DiLuzio, G. M. Whitesides, and H. A.
Stone, Biophys. J. 90, 400 (2006).
[6] V. B. Shenoy, D. T. Tambe, A. Prasad, J. A. Theriot,
PNAS 104, 8229 (2007).
[7] J. R. Howse, R. A. L. Jones, A. J. Ryan, T. Gough, R.
Vafabakhsh, and R. Golestanian, Phys. Rev. Lett. 99,
048102 (2007).
[8] H.-R. Jiang, N. Yoshinaga, and M. Sano, Phys. Rev. Lett.
105, 268302 (2010).
[9] J. Palacci, C. Cottin-Bizonne, C. Ybert, and L. Bocquet,
Phys. Rev. Lett. 105, 088304 (2010).
[10] L. Baraban, R. Streubel, D. Makarov, L. Han, D. Kar-
naushenko, O. G. Schmidt, and G. Cuniberti, ACS Nano
7, 1360 (2013).
[11] H. Lo¨wen. Eur. Phys. J. Spec. Top. 225, 2319 (2016).
[12] C. Kru¨ger, G. Klo¨s, C. Bahr, C. C. Maass, Phys. Rev.
Lett. 117 048003 (2016).
[13] T. Yamamoto and M. Sano, Soft Matter 13, 3328 (2017).
[14] T. Yamamoto and M. Sano, Phys. Rev. E 97, 012607
(2018).
[15] S. Nakata, Y. Iguchi, S. Ose, M. Kuboyama, T. Ishii, K.
Yoshikawa, Langmuir 13, 4454 (1997).
[16] D. Takagi, A. B. Braunschweig, J. Zhang, and M. J. Shel-
ley, Phys. Rev. Lett. 110, 038301 (2013).
[17] F. Ku¨mmel, B. ten Hagen, R. Wittkowski, I. Buttinoni,
R. Eichhorn, G. Volpe, H. Lo¨wen, and C. Bechinger,
Phys. Rev. Lett. 110, 198302 (2013).
[18] M. S. D. Wykes, J. Palacci, T. Adachi, L. Ristroph, X.
Zhong, M. D. Ward, J. Zhang, and M.J. Shelley, Soft
Matter 12, 4584 (2016).
[19] S. Samin and R. van Roij, Phys. Rev. Lett. 115, 188305
(2015).
[20] J. R. Gomez-Solano, S. Samin, C. Lozano, P. Ruedas-
Batuecas, R. van Roij, and C. Bechinger, Sci. Rep.
7,14891 (2017).
[21] J. R. Gomez-Solano, A. Blokhuis, and C. Bechinger,
Phys. Rev. Lett. 116, 138301 (2016).
[22] E. Andablo-Reyes, P. Dı´az-Leyva, and J. L. Arauz-Lara,
Phys. Rev. Lett. 94, 106001 (2005).
[23] B. ten Hagen, R. Wittkowski, D. Takagi, F. Ku¨mmel, C.
Bechinger, and H. Lo¨wen, J. Phys.: Condens. Matter 27
194110 (2015).
[24] Indeed, we experimentally check that for the same veloc-
ity range, the motion of a half-coated particle in absence
of PAAm simply undergoes active Brownian motion with
rotational diffusion. See Supplemental Material at [url].
[25] R. B. Bird, R. C. Armstrong, and O. Hassager, Dynam-
ics of Polymeric Liquids (Fluid Mechanics) Vol. 1 (Inc.:
John Wiley & Sons, 1987).
[26] S. Paul, B. Roy, and A. Banerjee, arXiv:1803.04900
[27] H. Mori, Progr. Theoret. Phys. 33, 423 (1965).
[28] M. Medina-Noyola and J. L. Del R´ıo-Correa, Physica A
146, 483 (1987).
[29] B. ten Hagen, S. van Teeffelen, and H. Lo¨wen, J. Phys.:
Condens. Matter 23, 194119 (2011).
[30] S.C. Takatori, W. Yan, and J.F. Brady, Phys. Rev. Lett.
113, 028103 (2014).
[31] W. Yan and J.F. Brady, Soft Matter, 11, 6235 (2015).
[32] See Supplemental Material at [url] for the numerical so-
lution of the non-Markovian Langevin equations of the
model and the determination of the necessary parameters
from the experimental data, which includes Refs. [33, 34].
[33] T. G. Mason and D. A. Weitz, Phys. Rev. Lett. 74, 1250
(1995).
[34] D. Villamaina, A. Baldassarri, A. Puglisi, and A. Vulpi-
ani, J. Stat. Mech. (2009) P07024.
[35] G. Natale, C. Datt, S. G. Hatzikiriakos, and G. J. Elfring,
Phys. Fluids 29, 123102 (2017).
[36] C. Datt, G. Natale, S. G. Hatzikiriakos, and G. J. Elfring,
J. Fluid Mech. 823, 675 (2017).
[37] C. Maes, J. Stat. Phys. 154, 705 (2014).
[38] M. Kru¨ger and C. Maes, J. Phys.: Condens. Matter 29,
064004 (2017).
[39] J. R. Gomez-Solano, V. Blickle, and C. Bechinger, Phys.
Rev. E 87, 012308 (2013).
[40] J. R. Gomez-Solano and C. Bechinger, New J. Phys. 17
103032 (2015).
[41] T. Ohta and T. Ohkuma, Phys. Rev. Lett. 102, 154101
(2009).
[42] P. G. Moerman, H. W. Moyses, E. B. van der Wee, D. G.
Grier, A. van Blaaderen, W. K. Kegel, J. Groenewold,
and J. Brujic, Phys. Rev. E 96, 032607 (2017).
[43] H. R. Vutukuri, B. Bet, R. van Roij, M. Dijkstra, and
W. T. S. Huck, Sci. Rep. 7, 16758 (2017).
[44] J. R. Gomez-Solano, C. July, J. Mehl, C. Bechinger, New
J. Phys. 17, 045026 (2015).
[45] U. Choudhury, A. V. Straube, P. Fischer, J. G. Gibbs,
and F. Ho¨fling, New J. Phys. 19 125010 (2017).
[46] C. Lozano, J. R. Gomez-Solano, and C. Bechinger, New
J. Phys. 20, 015008 (2018).
[47] J. Berner, B. Mu¨ller, J. R. Gomez-Solano, M. Kru¨ger,
and C. Bechinger, Nat. Commun. 9, 999 (2018).
